Abstract We report a comparative study of carrier dynamics in semiconductor saturable absorber mirrors (SESAMs) containing InGaAs quantum wells and InGaAsN quantum wells (QWs). The static and dynamic reflectivity spectra were measured with a Fourier-transform-infraredspectrometer and a pump-probe setup, respectively. The influence of rapid thermal annealing (RTA) on carrier dynamics was studied. Due to the reduction of defect states by RTA we observed an increase of the static reflectivi. ty and an increase of the electron-hole recombination time.
Introduction
Semiconductor saturable absorber mirrors (SESAMs) are common elements for passively mode-locking lasers [1] [2] [3] . They contain a semiconductor Bragg mirror and on top a quantum well absorber which can be bleached. SESAMs allow for self-starting mode-locked lasers emitting ultrashort pulses in the subpicosecond regime with a compact and simple architecture. The mode-locking behavior of a laser depends on the modulation depth, the saturation fluence, and the recovery time of the SESAM [4] . The first two of these parameters describe the nonlinear reflectivity behavior of the SESAM [5, 6] . Since for stable and self-starting pulse shaping a fast recovery time is desirable [I] , in the last decades different ways to reduce the recovery time were investigated such as quantum dot SESAMs [7] , low temperature growth [8] [9] [10] , or nitrogen (N) incorporation into the quantum wells [II, '12] .
The SESAMs investigated in this work were designed for a lasing wavelength of 1030 nm. A suitable absorption material for this wavelength is indium gallium arsenide (lnxGat-xAs). Its band gap energy decreases with increasing indium content. With decreasing band gap energy the lattice constant increases and causes a lattice mismatch when grown on gallium arsenide (GaAs). This deviation of the lattice constant to that of GaAs can be compensated when nitrogen is added. For a certain In composition, alloying N to InGaAs leads also to a decrease of the band gap energy and an increase of the conduction band offset when increasing the nitrogen content [13] . This in turn leads to stronger carrier confinement, higher carrier density, and hence improved temperature behavior of the absorption/emission properties. Incorporation of nitrogen into the InGaAs lattice is usually accompanied by generation of non-radiative recombination centers which have detrimental effects on the emission efli-ciency but could be positively explored for ultrafast nonlinear optical applications. Since nitrogen incorporation causes defects which act as non-radiative recombination centers, one can control the electron-hole recombination time by adding a certain amount of nitrogen or by other growthrelated techniques [II , 14] .
Another way of changing the characteristics of a SESAM is post-growth annealing. Photoluminescence (PL) measurements of semiconductor materials have shown that post-growth annealing causes (i) an improvement of the PL-efficiency [15] [16] [17] [18] [19] [20] , which implies a reduction of nonradiative point defects and stress; (ii) a reduction of the spectrallinewidth [15, 16] ; (iii) a blue shift of the PL-peak [18, 19] mainly due to an increase of the band gap; and (iv) an interdiffusion of the atoms [21] . By these effects the response time as well as the absorption wavelength of the SESAM can be manipulated.
In this paper we report a comparative study of carrier dynamics and optical properties of SESAMs with Ino.3Gao.7As and InO.3Gao.7Aso.985NO.QI5 quantum wells used for passive mode-locking of a diode-pumped Yb:YAG thin-disk laser oscillator generating subpicosecond pulses with pulse energies up to 30111 with a repetition rate of 3.5 MHz [22] . These results were achieved with the laser operating in ambient atmosphere without signs of damage on the SESAM.
Different measurements have been performed in order to obtain the static reflectivity and the dynamic reflectivity changes of the SESAMs. The dynamic measurements were carried out at 1030 nm, which is the operation wavelength of the Yb:YAG thin-disk oscillator. The most intriguing point we aim to investigate is the degree of change of optical properties, i.e. reflectivity, caused by thermal annealing. Such changes could also occur during laser operation due to aging of the SESAM and could be important for long-term laser operation of a SESAM-based laser, where stable static and dynamic properties are required.
SESAM structures
We tested two different kinds of SESAMs which were otherwise similar except for the type of QWs used. The two structures were comprised of a Bragg reflector with 27 pairs of GaAsI AlAs A /4 layers and a GaAs absorption layer incorporating the QW absorbing regions. The absorbing region for SESAMs R I contained five Ino.3Gao.7As QWs with a maximum photoluminescence (PL) emission at about 1080 nm. The SESAM termed R2 had the same design as the type RI, except for the QWs which were based on a dilute nitride (Ino.3Gao.7Aso.985No.015) material system. The indium mole fraction for the two types of quantum wells was similar (of about 30%). Incorporation of N in the range of 1.2-1.5% led to a strong red shift of the PL emission, which exhibited a maximum at about > 1150 nm .
The quantum wells of the InGaAs structure have been grown at a temperature of 520°C. This temperature ensures a good optical quality. The quantum wells of the InGaAsN structure have been grown at lower temperature, i.e. 460°C, which is optimal in terms of optical quality. The distributed Bragg reflector (DBR) and the GaAs layers surrounding the QWs have been grown at 680°C. After growth different asgrown samples were annealed at 450°C, 650°C, and 700°C for 100 s.
Experimental setup
The static reflectivity was measured with a Fourier-transform-infrared-reflectivity-spectrometer (Bruker Vertex 70). For reflectivity calibration a gold mirror was used.
The dynamic reflectivity changes were measured with a degenerate pump-probe setup at the wavelength of 1030 nm . The samples RI were measured with a setup using a tunable optical parametric amplifier (OPA) pumped by a 250 kHz regenerative Ti:Sapphire amplifier as laser source, delivering 70 fs pulses with a spectral width of 25 nm. With this setup a time-delay window of 15 ps was covered using a mechanical delay scanner (APE ScanDelay 15 ps).
The measurements of the SESAMs of type R2 were done using an Vb-doped fiber laser emitting 320 fs laser pulses with a wavelength of 1030 nm and a spectral width of 7 nm. The scan range of the time delay between pump and probe beam was enlarged to 50 ps (APE ScanDelay 50 ps).
Fluences from 5 1111cm 2 to 450 I1J/cm2 were covered. The beam spots were carefully determined with pinholes of different sizes. The pump beam had a pulse energy density of more than 20 1111cm 2 , while the probe beam fluences were kept smaller than 3l1J/cm 2 . The pump and probe pulses were cross-polarized in order to reduce the coherent artifact [23] .
Results
The two different investigated SESAMs show quite different changes of the optical properties with annealing. The properties of the samples RI with Ino.3Gao.7As quantum wells were almost unchanged with annealing, whereas samples of type R2 with Ino.3Gao.7Aso.985No.015 quantum wells change significantly upon annealing. Zoom into the stop band regions R I does not differ much from the SESAM R I annealed at 450°C (see Sect. 4.2), the static reflectivity spectra of both are expected to be similar as well. Figure 1 shows that the static reflectivity of SESAMs R I and R2 has its maximum in the wavelength range between 1020 and 1100 nm. The weak minima in the reflectivity of RI at a wavelength of 1090 nm are caused by the excitonic resonance of the quantum well absorber. The spectrum of the 'SESAMs of type R2 based on an InGaAsN absorbers does not show any visible dip in the high reflectivity part of the spectrum. According to the design of R2 the excitonic resonance of the quantum well is expected at around 1190 nm, i.e. outside the high reflectivity part of the Bragg reflector, as confirmed in photoluminescence (PL) measurements.
For all' the samples the excitonic resonance is more. than a longitudinal optical (LO) phonon energy of InGaAs(N) below the excitation wavelength. Therefore the relaxation within the conduction band of the highly excited electrons is possible via a LO phonon emission.
In general the static reflectivity of all SESAMs of type R2 is less compared to that of the SESAMs R I. This observation corresponds to the fact that adding N into InGaAs increases the density of states near the band gap [13] . Therefore the absorption of InGaAsN QWs is higher resulting in a lower reflectivity. The higher density or states of InGaAsN can also account for the changes of the dynamic reflectivity, as will be discussed in Sect. 4.2.
Changes in the static rellectivity due to thermal annealing can clearly be seen in the insets of Fig. I . For R2 annealing at 450°C does not result in a change of reflectivity compared with the as-grown sample. Independently of the quantum well material, the reflectivity increases with increasing the RTA temperature up to 650°C. At RTA temperature of 700°C the reflectivity drops down to a value lower than that of the as-grown sample. This behavior shows that the process of annealing decreases the amount of defect states in the structure and consequently causes an increase of the reflectivity, as long as the RTA temperature is not too high. One reason for the decrease' of reflectivity for RTA at 700°C might be the degradation of the AIAs/GaAs interfaces in the Bragg mirror, which could cause the difference of the effective refractive indexes to become smaller and thus result in a reflectivity decrease. However, this shift is not expected to influence the dynamic reflectivity change at 1030 nm.
In the static reflectivity spe. ctra of the SESAMs R I in Fig. 1 a slight blue shift of the absorption minimum and the distributed Bragg reflector (DBR) with increasing RTA temperature are visible. A reason for the DBR wavelength shift might be related to flux non-uniformity of molecular beam epitaxy that leads to variation of parameters across the wafer. We also cannot fully exclude degradation of the surface quality due to As out-diffusion from the surface although all samples were placed in a proximity of GaAs wafer during the annealing process [20] .
Time-dependent reflectivity
The dynamic properties of SESAMs are essential parameters for the lasing behavior. In Figs. 2 and 4 the transient reflectivity of the two SESAMs with different absorber material and annealing temperatures are shown for different pump fluences .
A typical transient of a SESAM looks as follows. During photoexcitation (zero-time delay) the reflectivity increases within the pump pulse duration up to a high value, because carriers are excited into high states within the conduction band and the absorbers are bleached. Within 60-100 fs the carriers thermalize and the reflectivity drops down a little bit. The fast time constant in the transients originates from this thermalization process. The slow time constant of the decay in the picosecond regime is attributed to electron recombination with holes in the valence band and trapping in point defects [24] . The instantaneous reflectivity change at zero-time delay increases with increasing pump f1uenccs , as it can be seen in the t10nlinear reflectivity curves of the SESAMs shown in Figs. 3 and 5 .
For high pump fluences an additional effect appears: due to two-photon absorption (TPA) or free carrier absorption (FCA) the carriers are excited in even higher states within the conduction band, hence the absorber bleaching contribution is delayed [25] [26] [27] . In transient reflectivity these nonlinear effects cause (i) a decreased instantaneous reflectivity change, and (ii) a second rise of the reflectivity after the excitation. The second rise appears with a time constant of high-energy carriers relaxing from the L-and X-valley of the conduction band. In the nonlinear reflectivity spectra the roll-over, i.e., the decrease of the initial reflectivity change at higher fluences is attributed to these nonlinear effects [5, 28] . The transient reflectivity of all samples of SE SAM R I with InGaAs QWs is shown in Fig. 2 . As described above, a bi-exponential decay is existent for low excitation Iluences ; for higher fluences a slight second ri se appears after approximately 4 ps in the transient reflectivity of the unannealed and the RTA-450°C sample. As the static refl ectivity spectra of the time and flu ence dependent behavior of the differently annealed SESAMs RI show only small changes: the absolute amplitude and the shape of the transients change only barely with different annealing temperatures. Another evidence that the SESAMs RI with InGaAs QWs do not change much with annealing are the unchanged relaxation times. Fitting the data with a double exponential decay results in a fast time constant of < 100 fs and a slow time constant of a few hundred picoseconds, independent of the annealing temperature. This suggests almost no changes in the electronic relaxation dynamics. Figure 3 shows the nonlinear reflectivity curves of the SESAMs Rl. The ex perimental data points were fitted by the function with Rlin being the linear reflectivity without any optical excitation, F sat the saturation fluence, and F2 the parameter for induced absorption [5] . Since for the measurements of th e SESAMs R I annealed at 650°C and 700°C no fluence values above 180 IlJ/cm2 could be achieved, we used a fixed value for F2 in the fittin g function. In correspondence to the other two samples we consider F2 = I 10 mJ/cm 2 as reasonable.
From the nonlinear reflectivity curve the modulation depth of a SESAM can be extracted: it corresponds to the highest change in reflectivity. The modulation depth of any SESAM of type RI was approximately 2.0%. Since the static reflectivity of R I was approximately 98%, that would mean that the non-saturable losses of SESAMs R I are very small, i.e. within the error of determining 100% reflectivity. All parameters of the SESAMs of type RI are listed in Table I . Figure 4 shows the transients of all samples of SESAM R2 containing InO.3GaO.7Aso.98SNo.ols QWs. The transients show an increase of the instantaneous reflectivity change with increasing pump fluences. Compared to the transients in Fig. 2 , the fast time constant of the reflectivity decay in Fig. 4 is nearly invisible. For fluences be low 400 IlJ/cm2 the fast time constant cannot be resolved due to a pump-and probe-pulse length of 320 fs. In the transients corresponding to the fluence of 442 IlJ/cm2 , the fast time constant is almost completely dominated by the second rise of the reflectivity caused by FCA and TPA.
In contrast to the behavior of the SESAMs R I, the transients of the SESAMs R2 with InGaAsN QWs change significantly with annealing temperatures. With increasing RTA temperature the recombination time rises, visible in the slow decay of the transients. This can be attributed to the annealing of point defects incorporated by the low growth temperature of the quantum wells. For example, at a f1uence of 88 IlJ!cm2 the slow time constant of the as-grown sample is ca. 20 ps, whereas it is ca. 130 ps for the sample annealed at 700°C. Another effect of increasing RTA temperature is a slight enhancement of the second rise of the reflectivity due to TPA and FCA. For RTA temperatures above 450°C the reflectivity change of the second rise is even higher than the instantaneous reflectivity at zero-time delay.
As it can be seen in Fig. 4 , the signal amplitude for a given f1uence value is independent of the RTA temperature of the SESAM. For this reason the nonlinear reflectivity curves of the R2 samples are quite homogeneous, as it is shown in Fig. 5 . The effective modulation depths of all SESAMs of type R2 are ca. 2.5%. Due to the static reflectivity of R2 in the range of 90% and less, we conclude that the InGaAsN-SESAMs have more than 6% of non-saturable losses. The faster increase of the nonlinear reflectivity of the SESAM R2 annealed at 700°C corresponds to the lower saturation f1uenc e. Even at a pump f1uence of 400 IlJ/cm2 we were still not able to see any roll-over due to TPA or FCA in the nonlinear reflectivity. Therefore we fitted the data of these samples with a fixed F2 = 110 mJ/cm 2 in correspondence to the F2 parameters of the samples R I. All parameters of the samples R2 are listed in Table 2 .
Comparing the dynamic reflectivity of the SESAMs of type RI and R2, four main differences are apparent. (i) The electron-hole recombination time of the samples RI with a few hundred picoseconds is much higher than the recombination time of the SESAMs R2 with some tens of picoseconds. Due to nitrogen incorporation , defect states are incorporated, which capture the excited electrons and accelerate the electron-hole recombination. (ii) The recombination time of the SESAMs Rl is hardly affected by thermal annealing, whereas the recombination time of the SESAMs R2 containing InGaAsN QWs rises by more than five times when annealed at 700°C. The reason for the strong influence of RTA on the recombination time of the InGaAsN samples ·is attributed to the nitrogen . Albrecht et al. found out that RTA broadens the nitrogen concentration profile in InGaAsN quantum wells. Therefore the N concentration in the quantum well decreases and in conclusion the amount of recombination centers decreases. A thickness increase of the indium concentration profile due to thermal annealing could not be observed [21] . This may explain why the recombination time of the SESAMs RI with InGaAs QWs does not change significantly with annealing. (iii) The modulation depths of the SESAMs R2, which are 2.5%, are a little bit higher than those of the samples R I with 2.0%. The explanation for this lies in an increased absorption in the InGaAsN QWs compared to standard InGaAs QWs due to N diffusion from the QW region, and hence a thicker absorption region. (iv) The slower increase of the nonlinear reflectivity curves at low f1uences of samples of type R2 compared to the curves of SESAMs R 1 is reflected in higher saturation f1uences . This effect and the difference in the static reflectivity can be explained by the density of states, which is higher in InGaAsN QWs than in InGaAs QWs [13] .
Mode-locking behavior
The SESAM dynamics determine the mode-locking behavior of a laser. The problem, which has to be avoided, is Q-switching. The tendency to Q-switching instabilities of a mode-locked laser is affected by the saturation f1uence and the modulation depth of its SESAM. A modified form of the criterion against Q-switching, which was originally given by Hoenninger et aI., is:
where E p is the energy of the intra-cavity pulse, E sat,L is the energy of the gain, L' J R is the modulation depth, S is the saturation parameter delined by the laser design, and E sat,A is the absorber saturation energy [4] . This formula shows that with increasing the modulation depth and the saturation f1ucnce, Q-switching is more likely. For that reason SESAMs of type R I should give rise to more stable laser operation than SESAMs of type R2. This theoretical prediction could be verified in the thin-disk laser oscillator, where the tendency for Q-switching was higher when R2 was used for mode-locking.
In general, both types of SESAMs (R I with InGaAs and R2 with InGaAsN quantum wells) were used to mode-lock an Yb:YAG thin-disk laser with an active multipass cell [22, [29] [30] [31] . Mode-locking this type of laser requires a relatively high modulation depth, a high saturation lIuence, negligible nonlinear roll-over and low non-saturable losses. Especially for the generation of subpicosecond-pulse SESAMs with modulation depths exceeding I % were necessary. With a SESAM of type R2 with InGaAsN QWs and I'J.R = 2.5%, laser pulses with a pulse energy of 30.7 J..lJ and a pulse length of 1040 fs were achieved. To our knowledge, those are the highest pulse energies ever achieved directly out of a modelocked solid-state laser [22] . SESAM RI with InGaAs QWs and I'J.R = 2.0% produced laser pulses of 953 fs at pulse energies of 18.6 J..lJ [29] . Both SESAMs showed few defective areas after long-term use in the laser oscillator under lab conditions including laser adjustment,operation under Q-switching conditions and different beam spot sizes on the SESAMs. 6 Summary .
In conclusion, the static as well as the dynamic reflectivity of SESAMs containing InGaAsN QWs differs from SESAMs with InGaAs QWs with respect to the reflectivity in general and with respect to the influence of thermal annealing and their optical properties in particular.
We measured the static and dynamic reflectivity of two types of SESAMs, RI based on. Ino.3Gao.7As as absorber material and R2 containing Ino.3Gao.7Aso.98SNo.ls quantum wells as absorber. For each type we measured four postgrowth samples annealed at different temperatures: no annealing at all, annealed at 450°C, 650°C, and 700°C. The decrease of defect states due to thermal annealing is visible in an increase of the static reflectivity of the different SESAM samples until the annealing temperature of 700°C. For the samples annealed at 700°C-independently of the absorber material-the static reflectivity dropped down to a minimum value which might be attributed to the degradation of GaAs/AIAs layers in the DBR or surface degradation due to As desorption. The static reflectivity spectra of SESAMs of type R2 with InGaAsN QWs are in general lower than those of the.SESAMs of type Rl. The reason for this effect is attributed to the higher density of states in InGaAsN than in InGaAs.
The dynamic reflectivity of SESAMs RI and R2 differs quite strongly in terms of the electron-hole recombination time, the modulation depth, the saturation fluence, and the influence of RTA. The measurements show that adding little amounts of nitrogen to InGaAs absorbers reduces the electron-hole recombination time. This is caused by the nitrogen atoms which act as recombination centers. An increase of the modulation depth for InGaAsN SESAMs compared to InGaAs SESAMs could be seen. Since the density of states in InGaAsN is higher than in InGaAs, the saturation fluences of the SESAMs R2 are higher than those of the SESAMs RI .
Whereas the dynamic reflectivity of the SESAMs R I is hardly affected by thermal annealing processes, the electron-hole recombination time of the R2 SESAMs increases with increasing RTA temperature. The reason for that effect could be a decrease of the nitrogen atoms as recombination centers. Such a RTA-induced diffusion of the nitrogen atoms out of the quantum wells was observed by Albrecht et al. [21] .
In particular, the differences in modulation depths, saturation fluences and the electron-hole . recombination times might affect the use of the different types of SESAMs for mode-locking lasers: since for the self-starting of subpicosecond soliton-mode-Iocked pulses higher modulation depths are desirable [30] , SESAMs oftype R2 are more suitable as they provide a higher mode-locking driving force. The trade-offs of SESAMs R2 are the higher tendencies for Q-switching instabilities due to higher modulation depths and higher saturation fluences [4] .
